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16 Abstract 

An i n v e s t i g a t i o n  o f  t h e  n o i s e  c h a r a c t e r i s t i c s  a s s o c i a t e d  w i t h  v a r i o u s  upper- 
sur face-b lowing  c o n f i g u r a t i o n s  h a s  been performed w i t h  a small model.  The model 
c o n s i s t e d  o f  a p l a t e  and f l a p  assembly  ( s i m u l a t e d  wing w i t h  f l a p )  a t t a c h e d  t o  a 
r e c t a n g u l a r  n o z z l e .  Nozzle  a s p e c t  r a t i o ,  f low-run l e n g t h ,  and f l a p - d e f l e c t i o n  
a n g l e  are t h e  main e x p e r i m e n t a l  p a r a m e t e r s  i n v e s t i g a t e d  i n  t h i s  s t u d y .  Three 
n o z z l e - e x i t  v e l o c i t i e s  were u s e d .  

The normal ized  n o i s e  s p e c t r a  o b t a i n e d  f o r  d i f f e r e n t  n o z z l e  a s p e c t  r a t i o s  
proved t o  be s imilar  i n  terms o f  S t r o u h a l  number based on j e t  v e l o c i t y  and flow- 
r u n  l e n g t h .  Consequent ly ,  t h e  need f o r  knowing l o c a l  f l o w  v e l o c i t y  and l e n g t h  
scales  ( f o r  example,  a t  t h e  f l a p  t r a i l i n g  edge)  a s  r e q u i r e d  i n  some o f  t h e  e x i s t -  
i n g  n o i s e  p r e d i c t i o n  schemes i s  e l i m i n a t e d .  The p r e s e n t  d a t a  a re  compared w i t h  
r e s u l t s  computed from t h r e e  d i f f e r e n t  n o i s e  p r e d i c t i o n  schemes,  and t h e  v a l i d i t y  
of e a c h  scheme i s  a s s e s s e d .  A s i m p l e  method i s  a l s o  proposed t o  e v a l u a t e  t h e  
f r e q u e n c y  dependence of  a c o u s t i c  s h i e l d i n g  o b t a i n e d  w i t h  t h e  s i m u l a t e d  wing f l a p .  

* For sale by the National Technical Information Service. Springfield, Virginia 22161 



EFFECTS OF GEOMETRY AND JET VELOCITY ON NOISE ASSOCIATED 

WITH AN UPPER-SURFACE-BLOWING MODEL 

Lorenzo R .  C la rk  and James C. Yu* 
Langley Research Center 

SUMMARY 

A pa rame t r i c  s tudy  has  been made of t h e  sound f i e l d  gene ra t ed  by j'et flow 
which emanates from s l o t  n o z z l e s  and passes  ove r  t h e  upper s u r f a c e  of a simu- 
l a t e d  wing and f l a p .  The a c o u s t i c  d a t a  ob ta ined  were found t o  be similar when 
p l o t t e d  a g a i n s t  a S t r o u h a l  number based on j e t  v e l o c i t y  and flow-Pun l e n g t h .  
Based on t h i s  f i n d i n g ,  a s imple method was d e r i v e d  t o  e v a l u a t e  a c o u s t i c  s h i e l d -  
i n g  q u a n t i t a t i v e l y .  The method y i e l d s  a mean curve which appea r s  t o  be v a l i d  
f o r  model d a t a .  However, a n o t i c e a b l e  d i sc repancy  occur s  when t h e  mean curve i s  
compared w i t h  d a t a  ob ta ined  wi th  a large s imula t ed  s h o r t  t a k e o f f  and l a n d i n g  
(STOL) a i r c r a f t .  T h i s  d i sc repancy  is a t t r i b u t a b l e  p r i m a r i l y  t o  h igh  frequency 
tu rbofan  engine af t -end n o i s e .  The a c o u s t i c  s h i e l d i n g  i n d i c a t e d  i n  t h e  v a r i o u s  
d a t a  comparisons was found t o  i n c r e a s e  wi th  i n c r e a s i n g  S t r o u h a l  number. 

Data from t h e  p r e s e n t  s tudy  were a l s o  compared wi th  v a r i o u s  p r e d i c t i o n  
schemes i n  t h e  l i t e r a t u r e .  The e x t e n t  t o  which t h e  measured and p r e d i c t e d  d a t a  
agreed seemed t o  depend upon the  p a r t i c u l a r  p r e d i c t i o n  scheme chosen. 

I N T R O D U C T I O N  

Maintenance o f  low n o i s e  l e v e l s  over  communities nea r  a i r p o r t s  is  one of 
t he  most impor t an t  requirements  f o r  p u b l i c  accep tance  o f  new commercial a i r -  
c r a f t .  Low n o i s e  l e v e l s  are v i t a l  f o r  t h e  s h o r t  t a k e o f f  and l and ing  (STOL) s h o r t  
hau l  system o f  a i r  t r a n s p o r t a t i o n  c u r r e n t l y  under c o n s i d e r a t i o n  f o r  a l l e v i a t i o n  
of t r a n s p o r t a t i o n  conges t ion .  Upper-surface-blowing (engine-over-the-wing) sys -  
tems have shown c o n s i d e r a b l e  promise i n  meeting t h e s e  low n o i s e  r equ i r emen t s  i n  
comparison w i t h  o t h e r  powered-l i f t  concep t s .  One o f  t h e  advantages a t t r i b u t e d  
t o  upper-surface-blowing c o n f i g u r a t i o n s  is t h e  p o s s i b l e  b e n e f i t  o f  a c o u s t i c  
s h i e l d i n g  t h a t  cou ld  r e s u l t  from t h e  presence o f  a wing f l a p  between t h e  sou rce  
and an obse rve r .  
is a f u n c t i o n  of such parameters  as n o z z l e  a s p e c t  r a t i o ,  flow-run l e n g t h ,  and 
f l a p - d e f l e c t i o n  a n g l e .  

The e x t e n t  of n o i s e  s u p p r e s s i o n  o b t a i n a b l e  w i t h  t h i s  arrangement 

S e v e r a l  expe r imen ta l  s t u d i e s  have been made w i t h  small-scale models ( s e e  
refs. 1 and 2 ,  5 t o  9 ,  and 11 t o  20),  and v a r i o u s  sound g e n e r a t i n g  mechanisms 
have been i d e n t i f i e d .  I n  a d d i t i o n  t o  t h e  preponderance o f  small-scale d a t a  
a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  r e c e n t  a c o u s t i c  r e s u l t s  from s t a t i c  and s imula t ed  

* J o i n t  I n s t i t u t e  f o r  -Advancement o f  F l i g h t  S c i e n c e s ,  George Washington 
U n i v e r s i t y .  



low forward-speed tests of  a large-scale model o f  an  aircraft  c o n f i g u r a t i o n  
have been p resen ted  i n  r e f e r e n c e  20. I n  a d d i t i o n ,  a few documents such as ref- 
e rences  3 and 4, 10, 12, and 21 t o  23 have r e p o r t e d  p r i m a r i l y  t h e o r e t i c a l  inves- '  
t i g a t i o n s  o f  t h e  n o i s e  f i e l d  a s s o c i a t e d  w i t h  f lows  i n t e r a c t i n g  wi th  s u r f a c e s .  

I n  o r d e r  t o  p r e d i c t  t h e  n o i s e  genera ted  by an  upper-surface-blowing conf ig-  
u r a t i o n ,  s p e c t r a l  s i m i l a r i t y  o f  t h e  radiated n o i s e  as w e l l  as t h e  o v e r a l l  n o i s e  
l e v e l  should be es tab l i shed  i n  terms of p h y s i c a l  v a r i a b l e s  r e l a t e d  t o  the  f low.  
Past research s t u d i e s  have e s t a b l i s h e d  t h a t  t h e  o v e r a l l  n o i s e  i s  p r o p o r t i o n a l  t o  
t h e  nozz le-ex i t  v e l o c i t y  r a i s e d  t o  a power between 5 and 6 .  Reference 3 ,  f o r  
i n s t a n c e ,  has  a l s o  presented  s p e c t r a l  data tha t  were similar f o r  an  upper- 
surface-blowing model t h a t  c o n s i s t e d  of a nozz le -p la t e  arrangement ,  bu t  t h e  s i m -  
i l a r i t y  of data was based on f low v e l o c i t y  and flow scale l o c a l  t o  t he  t r a i l i n g  
edge of t h e  f l a p .  Such v e l o c i t y  and scale may, however, be d i f f i c u l t  t o  compute 
f o r  a r b i t r a r y  nozz le -p la t e  c o n f i g u r a t i o n s .  Consequently,  computation would be 
s i m p l i f i e d  if t h e  s p e c t r a l  s i m i l a r i t y  of  t h e s e  c o n f i g u r a t i o n s  could be based on 
the ope ra t ing  c o n d i t i o n s  of  t h e  nozz le  and on t h e  p h y s i c a l  l e n g t h  o f  t h e  wing 
f l a p .  An a t t empt  t o  do t h i s  c a l c u l a t i o n  f o r  a small model is inc luded  i n  t h e  
p r e s e n t  s tudy .  I n  a d d i t i o n ,  t h e  data gathered i n  t h i s  s tudy  are used t o  t e s t  
v a r i o u s  n o i s e  p r e d i c t i o n  schemes i n  t h e  e x i s t i n g  l i t e r a t u r e .  

Very few a t t empt s  have been made t o  q u a n t i f y  t h e  e f f e c t  o f  a c o u s t i c  sh i e ld -  
ing .  Therefore ,  a s imple  scheme f o r  q u a n t i f y i n g  t h e  s h i e l d i n g  effect  is  pro- 
posed i n  t h i s  s tudy .  T h i s  scheme r e s u l t e d  from a n a l y s e s  of  t h e  p r e s e n t  data and 
from comparisons made wi th  o t h e r  exper imenta l  data i n  t h e  open l i t e r a t u r e .  

SYMBOLS 

Cf 

cO 

D R  1 

f 

f P  

h 

E 

Mj 

OASPL 

r 

S 

f l a p  chord ,  m 

ambient speed of sound, m/sec 

t h e o r e t i c a l  d i r e c t i v i t y  as f u n c t i o n  o f  y 

one-third-octave band c e n t e r  f requency ,  Hz 

peak one-third-octave band c e n t e r  f requency,  Hz 

he igh t  of  rec tangular -nozz le  e x i t ,  m 

flow-run l e n g t h  a long  upper s u r f a c e  of  p la te  between nozz le  e x i t  and 
f l a p  t r a i l i n g  edge, m 

j e t  Mach number referred t o  ambient speed of sound, 

o v e r a l l  sound p r e s s u r e  l e v e l ,  dB 

Vj/c, 

d i s t a n c e  of  microphone from nozz le  e x i t ,  m 

nondimensional f requency parameter ,  fa/Vj 
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SP L 

v j  

Vm 

W 

Y 

6 

6' 

sound p res su re  l e v e l ,  dB 

nozz le-ex i t  v e l o c i t y ,  m/sec 

maximum l o c a l  v e l o c i t y ,  m/sec 

width of rec tangular -nozz le  e x i t ,  m 

a n g l e  measured from nozz le  a x i s  i n  p lane  perpendicular  t o  wing f l a p  
( s e e  f i g .  4 ) ,  deg 

d e f l e c t i o n  of f l a p  measured from t r a i l i n g  edge of upper s u r f a c e  t o  
wing-chord p lane  (see f i g .  I > ,  deg 

d i s t a n c e  between f l a p  s u r f a c e  and maximum v e l o c i t y  l o c a t i o n  a t  f l a p  
t r a i l i n g  edge, m 

MODEL AND TEST PROCEDURE 

Tes t  Model 

A diagram of the  model used i n  t h i s  s tudy  is  shown i n  f i g u r e  1 .  This  f ig-  
u r e  a l s o  shows t h e  va r ious  nozz le -p la t e  parameters  i n v e s t i g a t e d  i n  t h i s  s tudy .  
Each model c o n f i g u r a t i o n  c o n s i s t e d  of  a p l a t e  a t t a c h e d  t o  t h e  f l a t  s i d e  of t h e  
nozz le  plenum chamber as shown by t h e  photograph i n  f i g u r e  2 .  The dimensions of 
t h e  nozz le -p la t e  hardware are given i n  f i g u r e  3. 

The model was t e s t e d  wi th  two nozz le s  having d i f f e r e n t  aspect r a t i o s  w/h. 
I n  each c a s e ,  however, t h e  e x i t  area was e q u i v a l e n t  t o  t h e  e x i t  a r e a  of a c i r c u -  
l a r  nozz le  5.08 c m  i n  d iameter .  The nozz le -ex i t  geometry w a s  changed by i n s t a l l -  
i ng  and t i g h t l y  s e a l i n g  a contoured i n s e r t  i n s i d e  the  open end of t h e  nozz le  p le -  
num chamber. An aluminum honeycomb s e c t i o n  was i n s e r t e d  i n  t h e  plenum chamber 
i n  an a t t e m p t  t o  damp o u t  t h e  tu rbu lence  upstream of t h e  nozz le  e x i t .  

Attached t o  t h e  p l a t e  w a s  a removable f l a p  s e c t i o n  wi th  a f i x e d  d e f l e c t i o n  
a n g l e  6. Flaps  wi th  d e f l e c t i o n  a n g l e s  of  00, 3 0 0 ,  and 600 were used dur ing  t h e  
tests.  The chord cf of t h e s e  f l a p s  was f i x e d  a t  0.061 m .  However, t h e  30° 
and 60° f l a p s  had 12.1 c m  and 6 .4  cm t u r n i n g  r a d i i ,  r e s p e c t i v e l y .  
could be t r a n s l a t e d  a long  t h e  s i d e  of t h e  plenum chamber; t he reby ,  v a r i a t i o n  of 
flow-run l e n g t h  R ( t h e  p o r t i o n  of  t h e  p l a t e  l y i n g  between t h e  nozz le  e x i t  and 
f l a p  t r a i l i n g  edge) w a s  accomplished. 

The p l a t e  

Table  I g i v e s  t h e  ma t r ix  of w/h ( a s p e c t  r a t i o )  and R/h ( r a t i o  of flow- 
run l e n g t h  t o  nozz le  h e i g h t )  va lues  i n v e s t i g a t e d  i n  t h i s  s tudy .  The ranges  of 
f l a p - d e f l e c t i o n  a n g l e  6 and j e t  v e l o c i t y  V j  t e s t e d  are a l s o  given i n  t a b l e  I .  

Ins t rumen ta t ion  

The n o i s e  measuring in s t rumen ta t ion  c o n s i s t e d  of  f o u r  0.64-cm-diameter free-' 
f i e l d  response  condenser microphones mounted on a s t a t i o n a r y  boom. The micro- 



phones were l o c a t e d  i n  t h e  p lane  pe rpend icu la r  t o  t h e  model p l a t e ,  and t h e  p lane  
passed through t h e  nozz le  c e n t e r  l i n e .  
t o  w i th in  +1.5 d e c i b e l s  (dB) from 50 Hz t o  80 kHz. During t h e  tests,  t h e  s i g -  
n a l s  from t h e  microphones were analyzed o n l i n e  by a r ea l - t ime  ana lyze r  t o  
o b t a i n  sound-pressure- level  s p e c t r a  graphs .  A l l  t h e  r eadou t  equipment used t o  
o b t a i n  data a t  t h e  test s i t e  were housed i n  a nearby in s t rumen ta t ion  van. 

Each system frequency response  was f l a t  

Test Setup 

A photograph and diagram of t h e  tes t  s e t u p  are shown i n  f i g u r e s  4(a)  
and 4 ( b ) ,  r e s p e c t i v e l y .  The model was mounted on t o p  o f  an outdoor  blowdown 
tank  which served as a s e t t l i n g  chamber. The blowdown technique  used w a s  con- 
s i d e r e d  necessary  t o  e l i m i n a t e  t h e  p o s s i b i l i t y  of  a c o u s t i c  contaminat ion by 
upstream va lve  n o i s e .  Cold compressed a i r  was supp l i ed  t o  t h e  chamber by open- 
i n g  a va lve  loca ted  nea r  a d j a c e n t  air  s t o r a g e  t a n k s .  The i n n e r  walls of t h e  set-  
t l i n g  chamber were a c o u s t i c a l l y  t r e a t e d  wi th  2.5-cm-thick a c o u s t i c  foam material 
t o  a t t e n u a t e  s t and ing  wave p a t t e r n s  i n s i d e  t h e  t ank .  F igu re  4(a) shows t h e  f o u r  
microphones used f o r  o b t a i n i n g  n o i s e  measurements i n  t h e  f a r  f i e l d .  A s  shown, 
microphones were l o c a t e d  i n  t h e  v e r t i c a l  p lane  a t  y = 40°, 70°, goo, and 270°. 
The photograph i n  f i g u r e  4 (a)  a l s o  shows t h a t  each microphone was equipped wi th  
a windscreen f o r  minimizing wind n o i s e .  The average o v e r a l l  background n o i s e  
l e v e l  dur ing  the  tes ts  was 68 + 3 dB. The background n o i s e  was concen t r a t ed  
mainly a t  very low frequencies-  
because of t h e  l a r g e  s igna l - to -no i se  r a t i o  ( t y p i c a l l y  20 d B ) .  

Cor rec t ions  f o r  background n o i s e  were no t  made 

Test Procedure 

Each model c o n f i g u r a t i o n  was t e s t e d  f o r  c o n d i t i o n s  cor responding  t o  ze ro  
forward v e l o c i t y .  A l l  tests were conducted a t  nozz le  p r e s s u r e  r a t i o s  o f  1 .2 ,  
1.35, and 1 .5 ,  w i th  corresponding nozz le -ex i t  v e l o c i t i e s  of 174 ,  221, and 
253 m/sec, r e s p e c t i v e l y .  Typ ica l  va lues  of ambient tempera ture ,  barometr ic  p r e s -  
s u r e ,  and r e l a t i v e  humidity recorded dur ing  t h e  d a t a  c o l l e c t i o n  per iod  were 
23O C ,  0.102 MPa, and 62 p e r c e n t ,  r e s p e c t i v e l y .  No tes ts  were conducted on d a y s  
when t h e  wind v e l o c i t y  exceeded 2.57 m/sec ( o r  5 k n o t s ) .  Ne i the r  were co r rec -  
t i o n s  made t o  t h e  a c o u s t i c  d a t a  t o  account  f o r  p o s s i b l e  a tmospher ic  e f f e c t s .  

For each model c o n f i g u r a t i o n  t e s t e d ,  f a r - f i e l d  a c o u s t i c  measurements were 
made wi th  each microphone. Each sound measurement system was c a l i b r a t e d  a t  t h e  
beginning and end of  each t e s t  day by use  of  an a c o u s t i c  c a l i b r a t o r .  The major 
emphasis i n  t h i s  r e p o r t  is  p laced  on d a t a  obta ined  a t  
corresponds t o  a p o s i t i o n  d i r e c t l y  beneath an a i rcraf t .  

y = 900, a p o i n t  which 

The exper imenta l  o p e r a t i o n s  were c a r r i e d  o u t  by first p r e s s u r i z i n g  t h e . s e t -  
t l i n g  chamber t o  70 kPa. This  p r e s s u r i z a t i o n  was accomplished by s e a l i n g  t h e  
nozz le  wi th  a p lug  t h a t  could be clamped over  t h e  nozz le  e x i t  and then  r e l e a s e d  
from a remote p o s i t i o n .  When t h e  p lug  was r e l e a s e d ,  it was fo rced  clear of t h e  
nozz le  as a i r  exhausted from t h e  e x i t .  During t h i s  p rocess ,  t h e  s e t t l i n g  cham- 
ber  p re s su re  was monitored wi th  a p r e s s u r e  gage i n s i d e  t h e  in s t rumen ta t ion  van. 
A t  t h e  i n s t a n t  t h e  gage i n d i c a t e d  t h e  d e s i r e d  p r e s s u r e ,  an o v e r a l l  n o i s e  l e v e l  
and a one-third-octave band sound p r e s s u r e  spectrum were obta ined  wi th  t h e  real- 
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time spectrum ana lyze r  set f o r  an averaging  t i m e  o f  1/2 second. During t h i s  
time p e r i o d ,  t h e  v a r i a t i o n  of  t h e  j e t  v e l o c i t y  w a s  no more than  2 pe rcen t  of t h e  
averaged va lue .  A t  t h e  same i n s t a n t ,  t o t a l  t empera ture  i n s i d e  the  t ank  w a s  
ob ta ined .  The t o t a l  p re s su re  and t o t a l  t empera ture  measured i n s i d e  t h e  t ank  
were used i n  t h e  one-dimensional compress ib le  f low equa t ion  t o  compute t h e  
nozz le-ex i t  mean v e l o c i t y .  

RESULTS AND DISCUSSION 

From t h e  s t andpo in t  of a community, n o i s e  r a d i a t e d  d i r e c t l y  below an a i r -  
caf t  is of cons ide rab le  importance.  ' I n  t h i s  d i s c u s s i o n ,  t hen ,  t h e  a c o u s t i c  d a t a  
obta ined  d i r e c t l y  beneath t h e  upper-surface-blowing model w i l l  be  g iven  primary 
c o n s i d e r a t i o n .  

S p e c t r a l  S i m i l a r i t y  

I n  t h i s  s t u d y ,  s e v e r a l  exper imenta l  parameters  i nc lud ing  nozz le  a s p e c t  
r a t i o ,  flow-run l e n g t h ,  f l a p - d e f l e c t i o n  a n g l e ,  and nozz le-ex i t  v e l o c i t y  were 
i n v e s t i g a t e d .  It is d e s i r a b l e  t o  be a b l e  t o  e s t a b l i s h  t h e  g r o s s  s i m i l a r i t y  of  
the  r a d i a t e d  no i se  i n  terms of  t h e  nozz le  f low and geomet r i ca l  parameters .  
Establ ' ishment of s p e c t r a l  s i m i l a r i t y  r e q u i r e s  t h a t  an a p p r o p r i a t e  form of  
S t r o u h a l  number be chosen. One form of  S t r o u h a l  number based on l o c a l  f low 
v e l o c i t y  and l e n g t h  scale was used i n  r e f e r e n c e s  3 and 12 t o  show d a t a  similar- 
i t y .  I n  p r a c t i c e ,  however, t h e  l o c a l  scale and v e l o c i t y  are unknown f o r  an  a r b i -  
t r a r y  flow c o n f i g u r a t i o n  a s s o c i a t e d  wi th  upper - su r face  blowing. I n  an  a t t empt  
t o  circumvent t h e  d i f f i c u l t i e s  in t roduced  by t h e s e  unknowns, a S t r o u h a l  number 
based on t h e  geomet r i ca l  s h i e l d  l e n g t h  and nozz le -ex i t  v e l o c i t i e s  is used i n  
t h i s  s tudy .  The flow-run l e n g t h  Q is  taken  t o  be t h e  r e l e v a n t  geomet r i ca l  
l e n g t h ,  and t h e  nozz le-ex i t  v e l o c i t y  V j  
i t y .  These new scales were chosen because t h e  new mechanism f o r  a d d i t i o n a l  
no i se  r a d i a t i o n  which occurs  when a wing f l a p  is in t roduced  i n t o  j e t  flow must  
r e s u l t  from t h e  ad jus tment  which the  f low undergoes i n  o r d e r  t o  accommodate t h e  
f l a p .  A S t r o u h a l  number based on c r i te r ia  similar t o  those  used i n  t h i s  s tudy  
has  long  been used i n  e s t a b l i s h i n g  s p e c t r a l  s i m i l a r i t y  f o r  subsonic  je t  n o i s e .  

is taken t o  be t h e  t y p i c a l  f low veloc-  

F igure  5 shows n o i s e  s p e c t r a  normalized wi th  respect t o  t h e  o v e r a l l  n o i s e  
S = f Q / V j .  and p l o t t e d  a g a i n s t  a nondimensional f requency parameter  S,  where 

I n  f i g u r e  5 ( a ) ,  d a t a  are p l o t t e d  f o r  Q / h  4.29, 8.51, and 17;  
and 253 m/sec; and 6 = Oo.  I n  f i g u r e  5 ( b ) ,  d a t a  are p l o t t e d  fo r  /h = 8.51 
and 17; V. = 174 and 253 m/sec; and 6 = 30°. Data are n o t  presented  f o r  
6 = 60° because a p l o t  of  t h e s e  d a t a  showed cons ide rab le  sca t te r .  The d a t a  
scat ter  is be l ieved  t o  be t h e  r e s u l t  o f  f low s e p a r a t i o n  from t h e  f l a p  s u r f a c e  
due t o  t h e  l a r g e  t u r n i n g  ang le .  

174 

J 

It can be seen  t h a t  t h e s e  f l y o v e r  n o i s e  d a t a  c o l l a p s e  q u i t e  w e l l .  Some of 
t h e  s p e c t r a  seen  i n  t h e s e  f i g u r e s  were measured wi th  t h e  f l a p  t r a i l i n g  edge t e r -  
minated wi th in  t h e  p o t e n t i a l  c o r e  r eg ion  o f  t h e  w a l l  j e t  f low (a 6 IOh),  and 
a d i s c r e t e  t one  was c l e a r l y  e v i d e n t  i n  one of  t h e  s p e c t r a  used t o  p l o t  f i g -  
u re  5 ( b ) .  However, s i n c e  the  d i s c r e t e  tone  r a d i a t i o n  probably o r i g i n a t e s  from 
a d i f f e r e n t  mechanism, t h e  t o n a l  component w a s  d i scounted  from the  o v e r a l l  n o i s e  
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i n  p l o t t i n g  t h e  s p e c t r a l  data i n  f i g u r e  5. The t o n a l  component w a s  d i scounted  
by i n t e r p o l a t i n g  the  one-third-octave band sound l e v e l  a t  t h e  band where the  d i s -  
crete tone  e x i s t s ,  and by assuming the  spectrum is o the rwise  broadband. The 
OASPL was then  r e c a l c u l a t e d  by us ing  the  i n t e r p o l a t e d  one-third-octave band 
va lue .  

F u r t h e r  comparison of  f i g u r e s  5(a) and 5 ( b )  shows t h a t  f l a p - d e f l e c t i o n  
a n g l e  i n f l u e n c e s  both peak frequency and s p e c t r a l  decay a t  f r equenc ie s  higher 
than the  peak. For 6 = 00, t h e  peak frequency is a t  S = 0.8,  whereas f o r  
6 = 30°, the s p e c t r a l  peak occurs  a t  S = 1.6.  The s p e c t r a l  s l o p e s  f o r  low- 
frequency n o i s e  vary a s .  S1 - 7  and S1 .2  f o r  6 = Oo and 6 = 30°, respec-  
t i v e l y .  For high f r e q u e n c i e s ,  however, the  s p e c t r a l  s l o p e s  are S-2 and 
s-2.5 f o r  6 = 0 0  and 6 = 30°, r e s p e c t i v e l y .  

Normalized one-third-octave band f l y o v e r  n o i s e  s p e c t r a  are g iven  i n  f ig-  
u r e  6 f o r  t h e  aspec t - ra t io-50  nozz le .  These data are p l o t t e d  f o r  v a r i o u s  va lues  
of R/h and 6 a t  Vj = 174 and 253 m/sec. It is a g a i n  ev iden t  from f i g u r e  6 
t h a t  t h e  normalized s p e c t r a  c o l l a p s e  reasonably  w e l l  f o r  t he  range of  experimen- 
t a l  parameters  s t u d i e d .  For t h i s  r e l a t i v e l y  high a s p e c t  r a t i o  n o z z l e ,  f i g u r e  6 
r e v e a l s  t h a t  the  spectral  c h a r a c t e r i s t i c s  of  t h e  f l y o v e r  n o i s e  are rather insen-  
s i t i v e  t o  f l a p - d e f l e c t i o n  a n g l e .  The s p e c t r a l  peaks occur  a t  approximately 
S = 1.3 ,  and t h e  s p e c t r a l  s l o p e s  are S2 and S-2 f o r  low and high f r e q u e n c i e s ,  
r e s p e c t i v e l y ,  f o r  a l l  t h r e e  v a l u e s  of 6 tes ted.  

It should be noted t h a t  t h e  f l y o v e r  n o i s e  s p e c t r a  measured f o r  d i f f e r e n t  
f l a p - d e f l e c t i o n  a n g l e s  are n o t  e n t i r e l y  independent  o f  each o t h e r .  This  depen- 
dence r e s u l t s  because the  n o i s e  d i r e c t i v i t y  of upper-surface-blowing conf igura-  
t i o n s  t ends  t o  r o t a t e  w i t h  t h e  f l a p  d e f l e c t i o n .  (See re f .  1 . )  T h i s  c o n d i t i o n  
is t r u e  provided t h a t  f low a t tachment  is  insu red  a t  t h e  f l a p  t r a i l i n g  edge. 
Thus, n o i s e  s p e c t r a  measured a t  y = 90° f o r  6 = Oo can be expected t o  be  corn- 
p a r a b l e  w i t h  n o i s e  s p e c t r a  measured a t  y = 120° f o r  6 = 30'. 

When t h e  r o t a t i o n  of  n o i s e  d i r e c t i v i t y  j u s t  d i scussed  is  cons ide red ,  t h e  
d i f f e r e n c e  i n  f l y o v e r  n o i s e  spectra measured f o r  d i f f e r e n t  f l a p - d e f l e c t i o n  
ang le s  may be i n t e r p r e t e d  as a v a r i a t i o n  of  n o i s e  s p e c t r a  w i t h  az imutha l  a n g l e  
y. 
d i r e c t i v i t y  effect  on t h e  spectra measured, whereas spectra obta ined  w i t h  t h e  
aspec t - ra t io-50  nozz le  show no n o t i c e a b l e  d i r e c t i v i t y  e f f e c t .  

The results obta ined  w i t h  t h e  aspec t - ra t io- IO nozz le  t h u s  i n d i c a t e  a s t r o n g  

To e s t a b l i s h  t h e  v a l i d i t y  of the p r e s e n t  exper imenta l  t echnique  invo lv ing  
u s e  of  a blowdown method, a comparison was made between the  p r e s e n t  data and s i m -  
i l a r  s p e c t r a l  measurements made by Grosche (see re f .  5 )  i n  an  anechoic  chamber 
u s i n g  cont inuous flow. The measurements i n  r e f e r e n c e  5 were made w i t h  an aspec t -  
r a t io -23  nozz le  and a p l a t e  having R/h = 50 w i t h  a ze ro  f l a p - d e f l e c t i o n  ang le .  
The j e t  flow was exhausted p a r a l l e l  t o  t h e  upper s u r f a c e  of  t he  p l a t e  w i t h  the 
j e t  c e n t e r  l i n e  d i s p l a c e d  by a d i s t a n c e  0.55h. Although the  f low arrangement 
used i n  r e f e r e n c e  5 was s l i g h t l y  d i f f e r e n t  from the  arrangement used i n  t h i s  
s t u d y ,  the d i f f e r e n c e  is no t  cons idered  s i g n i f i c a n t  enough t o  change the  o v e r a l l  
characterist ics of t h e  n o i s e  spectra. The curves  i n  f i g u r e  7 are t h e  mean 
curves  of f i g u r e  5 ( a )  (w/h = I O ,  6 = O o )  and f i g u r e  6 (w/h = 50,  6 0'). The 
data from r e f e r e n c e  5 and t h e  data from t h i s  s tudy  are i n  good agreement except  
a t  low f r equenc ie s .  
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A s  w a s  mentioned ear l ier ,  some of t h e  n o i s e  s p e c t r a  measured i n  t h i s  s tudy  
c o n t a i n  d i s c r e t e  t ones .  Although narrowband a n a l y s e s  were no t  performed a t  t h e  
v a r i o u s  o p e r a t i n g  c o n d i t i o n s ,  t h e s e  t o n e s  could  be c l e a r l y  heard dur ing  t h e  data 
c o l l e c t i o n  p rocess .  The common f e a t u r e s  of t h e s e  tone  r a d i a t i o n s  are summa- 
r i z e d :  ( 1 )  tone  r a d i a t i o n s  were observed only  when t h e  f l a p  t r a i l i n g  edge termi- 
na ted  w i t h i n  t h e  p o t e n t i a l  c o r e  r eg ion  of t h e  w a l l  flow (II/h 5 I O ) ;  ( 2 )  tone  
r a d i a t i o n s  were observed only  a t  t h e  h i g h e s t  nozz le-ex i t  v e l o c i t y  tested 
(V. 253 m/sec); and (3)  wi th  t h e  lowes t  a s p e c t  r a t i o  nozz le  (w/h = I O )  d i s -  
Crete emiss ions  only  occurred  wi th  nonzero f l a p - d e f l e c t i o n  a n g l e ,  whi le  w i th  t h e  
h i g h e s t  a s p e c t  r a t i o  nozz le  (w/h = 50) tone  r a d i a t i o n  occurred  wi th  both ze ro  
and nonzero f l a p  a n g l e s .  

J 

Observa t ions  of  t one  r a d i a t i o n  f o r  z e r o  f l a p  a n g l e  have a l s o  been repor ted  
by o t h e r  i n v e s t i g a t o r s .  (See refs. 3 and 19.)  I n  r e f e r e n c e  3, t h e  mechanism f o r  
such tone  r a d i a t i o n  w a s  a t t r i b u t e d  t o  t h e  breakdown of  t h e  laminar  sub laye r  ad ja-  
c e n t  t o  t h e  f l a p  s u r f a c e .  I n  r e f e r e n c e  19 ,  t h e  mechanism r e s p o n s i b l e  f o r  t one  
r a d i a t i o n  was suspec ted  t o  be t h e  f ree  shea r - l aye r  i n s t a b i l i t y  as  sugges ted  by 
shadowgraphs t h a t  were taken  of  t h e  flow f i e l d .  Shadowgraphs of  similar f low 
i n s t a b i l i t i e s  were a l s o  r epor t ed  i n  r e f e r e n c e  21. 

F igure  8 p r e s e n t s  a t y p i c a l  spectrum con ta in ing  a discrete  tone  emission 
ob ta ined  du r ing  t h e  p r e s e n t  s tudy  f o r  t h e  aspec t - ra t io- IO nozz le .  Although not  
shown h e r e ,  some.of t h e  s p e c t r a  obta ined  e x h i b i t e d  h ighe r  harmonics as w e l l .  A 
s imple  c a l c u l a t i o n  was made t o  check t h e  p o s s i b i l i t y  t h a t  t h e  tone  r a d i a t i o n s  
could have r e s u l t e d  from an a c o u s t i c  feedback mechanism. T h i s  c a l c u l a t i o n  i n d i -  
cated t h a t  t h e  most p l a u s i b l e  feedback loop  seems t o  c o n s i s t  of f low i n s t a b i l i t y  
convected downstream t o  t h e  t r a i l i n g  edge and a c o u s t i c  r a d i a t i o n  from t h e  t r a i l -  
i n g  edge t r a n s m i t t e d  upstream t o  t h e  nozz le  e x i t  through ambient a i r .  

The dependence of o v e r a l l  sound p r e s s u r e  l e v e l  on flow Mach number f o r  
cases  b c t h  wi th  and wi thout  tone r a d i a t i o n  i s  shown i n  f i g u r e  9 .  Data are pre-  
s en ted  f o r  t h e  aspec t - ra t io- IO nozz le  w i t h  6 30°, Q/h 8.51 ( t o n e  p r e s e n t ) ,  
and R/h .= 17 (no tone  p r e s e n t ) .  It can be seen t h a t  when t h e  tone was p r e s e n t ,  
t h e  no i se  l e v e l  i nc reased  s h a r p l y  and had a near  1 0 t h  power dependence on flow 
Mach number as compared with a t y p i c a l  5 t h  t o  6 t h  power dependence i n  t h e  absence 
of d i s c r e t e  tone .  Although t h e  mechanism f o r  t h e  tone r a d i a t i o n  observed cannot  
be p r e c i s e l y  i d e n t i f i e d ,  t h e  mechanism would probably be of l i t t l e  concern i n  
r e a l  engine-over-the-wing a p p l i c a t i o n s  s i n c e  much rougher flow c o n d i t i o n s  would 
e x i s t  i n  an engine exhaust  than i n  t h e  nozz le  f low.  Indeed,  no discrete tones  
were p r e s e n t  i n  t h e  l a r g e - s c a l e  a i r c r a f t  tes ts  r epor t ed  i n  r e f e r e n c e  20. 

Comparison of  P r e s e n t  Data With P r e d i c t i o n  

A number of t h e o r e t i c a l  and semiempir ica l  approaches have been made i n  t h e  
p a s t  t o  p r e d i c t  t he  n o i s e  a s s o c i a t e d  wi th  upper-surface-blowing arrangements .  
For example, i n  r e f e r e n c e  3, Hayden p o s t u l a t e d  t h e  major mechanism f o r  an  unde- 
f l e c t e d  upper-surface-blowing f l a p  a s  d i p o l e s  a c t i n g  n e a r  t h e  f l a p  t r a i l i n g  
edge. Using t h e  a c o u s t i c  data g iven  i n  r e f e r e n c e  3, Hayden a l s o  proposed a uni- 
v e r s a l  f a r - f i e l d  n o i s e  spectrum f o r  an upper-surface-blowing f l a p  wi th  z e r o  f l a p -  
d e f l e c t i o n  ang le .  (See ref. 1 2 . )  I n  Hayden's semiempir ica l  p r e d i c t i o n  scheme, 



t h e  a p p r o p r i a t e  l e n g t h  scale is taken as t h e  t h i c k n e s s  o f  t h e  c h a r a c t e r i s t i c  
boundary l a y e r .  H e  a l s o  p r e d i c t s  t h e  v a r i a t i o n s  i n  far-field s p e c t r a .  
v a r i a t i o n s  depend on whether t h e  f l a p  t r a i l i n g  edge ends i n  t h e  p o t e n t i a l  c o r e  
r e g i o n ,  i n  t h e  c h a r a c t e r i s t i c  decay r e g i o n ,  o r  i n  t h e  r a d i a l  decay r e g i o n  o f  
t h e  w a l l  f low.  

These 

Working from a p h y s i c a l  argument similar t o  ones a l r e a d y  d i s c u s s e d ,  Fink 
p o s t u l a t e s  t h a t  t h e  n o i s e  r a d i a t e d  by upper-surface-blowing c o n f i g u r a t i o n s  con- 
sists o f  free j e t  mixing n o i s e ,  s c rubb ing  n o i s e ,  and t r a i l i n g - e d g e  n o i s e .  (See 
ref.  22.)  He proposes  a s tep-by-step e m p i r i c a l  scheme t o  c a l c u l a t e  t h e  far-  
f i e l d  n o i s e  s p e c t r a .  

F i l l e r  based h i s  s tudy  on t h e  t h e o r e t i c a l  model developed i n  r e f e r e n c e  I O .  
(See ref .  23 . )  H e  proposed a semiempir ical  scheme f o r  p r e d i c t i n g  upper-surface- 
blowing n o i s e .  This  scheme t a k e s  i n t o  account  t h e  forward-speed effects o f  t h e  
a i r c ra f t  as w e l l  as t h e  l o c a t i o n  o f  t h e  j e t  e x i t  r e l a t i v e  t o  t h e  f l a p .  

Some i n t e r e s t i n g  a d d i t i o n a l  f e a t u r e s  d i s t i n g u i s h  t h e  t h r e e  p r e d i c t i o n  
schemes d i scussed  above. I n  r e f e r e n c e s  12 and 22, Hayden and Fink u s e  6 t h  and 
5 t h  power dependence of OASPL on t r a i l i n g - e d g e  v e l o c i t y ,  r e s p e c t i v e l y .  F i l l e r ,  
on t h e  o t h e r  hand, u s e s  a 5 t h  power dependence o f  OASPL on nozz le -ex i t  v e l o c i t y .  
I n  t h e i r  p r e d i c t i o n s  of n o i s e  s p e c t r a ,  t h e  t h r e e  a u t h o r s  use  d i f f e r e n t  l e n g t h  
scales t o  d e f i n e  S t r o u h a l  number. I n  r e f e r e n c e  12 ,  Hayden u s e s  a c h a r a c t e r i s t i c  
t h i c k n e s s  o f  t h e  flow a t  t h e  t r a i l i n g  edge. F ink ,  however, u s e s  an  e q u i v a l e n t  
nozz le -ex i t  diameter  which corresponds t o  t h e  d i ame te r  o f  a c i r c u l a r  nozz le  hav- 
i n g  i d e n t i c a l  e x i t  area. I n  r e f e r e n c e  23, F i l l e r  u s e s  t h e  h y d r a u l i c  d i ame te r  o f  
t h e  nozz le .  Hayden, Fink,  and F i l l e r  a l s o  d i f f e r  i n  t h e i r  u s e  o f  v e l o c i t y  t o  
c a l c u l a t e  S t r o u h a l  number; Hayden and Fink u s e  t r a i l i n g - e d g e  v e l o c i t y ,  whereas 
F i l l e r  u s e s  nozz le -ex i t  v e l o c i t y .  

I n  an a t t e m p t  t o  tes t  t h e  p r e d i c t i o n  schemes d i scussed  p r e v i o u s l y ,  pre- 
d i c t e d  n o i s e  s p e c t r a  were computed by u s i n g  t h e  methods g iven  by Hayden, F ink ,  
and F i l l e r .  Nozzle-plate  c o n f i g u r a t i o n s  t e s t e d  wi th  a n o z z l e - e x i t  v e l o c i t y  o f  
253 m/sec and z e r o  f l a p - d e f l e c t i o n  a n g l e  are used as examples. S p e c t r a l  compari- 
sons  between t h e  p r e s e n t  data and t h e  p r e d i c t i o n  r e p o r t e d  by Hayden i n  refer- 
ence 12 f o r  t h e  a spec t - r a t io -10  nozz le  are p l o t t e d  i n  f i g u r e s  lO(a) and 10(b) 
f o r  R/h = 8.51 and ll/h 17, r e s p e c t i v e l y .  The abscissa is a nondimensional 
f requency parameter used i n  r e f e r e n c e  12. The d a t a  p o i n t s  p l o t t e d  i n  f i g -  
u r e  lO(a>  and t h e  corresponding o v e r a l l  sound p r e s s u r e  l e v e l  were measured wi th  
t h e  f l a p  t r a i l i n g  edge t e rmina ted  i n  t h e  p o t e n t i a l  c o r e  r e g i o n  o f  t h e  j e t  flow 
(R/h 5 IO). F igu re  10(b)  shows s p e c t r a l  d a t a  and o v e r a l l  sound l e v e l  f o r  t h e  
a spec t - r a t io - IO  nozz le  t aken  wi th  t h e  t r a i l i n g  edge i n  t h e  c h a r a c t e r i s t i c  decay 
r eg ion  ( I O  R/h I 40).  I n s p e c t i o n  o f  t h e s e  f i g u r e s  i n d i c a t e s  t h a t  c o r r e l a t i o n  
between measurement and p r e d i c t i o n  is r a t h e r  poor.  
t h e  s p e c t r a l  peaks v a r i e d  w i t h  t h e  p r e d i c t e d  t r e n d ,  t h e  s p e c t r a l  l e v e l s  are gen- 
e r a l l y  o v e r p r e d i c t e d ,  e s p e c i a l l y  a t  t h e  i n t e r m e d i a t e  f r e q u e n c i e s .  The d i sag ree -  
ment observed between t h e  measured and p r e d i c t e d  d a t a  may r e s u l t  from a more un i -  
form flow p a t t e r n  expected f o r  t h e  nozzle  d e s c r i b e d  i n  r e f e r e n c e  3. The uniform 
flow p a t t e r n  is a t t r i b u t a b l e  t o  t h e  large c o n t r a c t i o n  r a t i o  (160) used.  I n  t h e  
p r e s e n t  s t u d y ,  t h e  e f f e c t i v e  c o n t r a c t i o n  r a t i o  is about  4 ;  i n  a d d i t i o n ,  t h e  pre- 
d i c t e d  s p e c t r a  are narrower i n  e f f e c t i v e  bandwidth and have s t e e p e r  s l o p e s .  

Although t h e  l o c a t i o n s  o f  



This  t y p e  o f  s p e c t r a l  behavior  is normally found jn j e t  n o i s e  a s s o c i a t e d  w i t h  
ve ry  uniform e x i t  f low. 

F igu re  11 g i v e s  comparisons between s p e c t r a l  data measured i n  t h i s  s t u d y  
and p r e d i c t i o n s  ob ta ined  from F i n k ' s  scheme. Data are p resen ted  f o r  t h e  a s p e c t -  
r a t io -10  n o z z l e  wi th  Q / h  = 8.51 and Q/h  = 17 i n  f i g u r e s  I l ( a )  and I l ( b ) ,  
r e s p e c t i v e l y .  F i n k ' s  p r e d i c t i o n  appea r s  t o  be r easonab ly  good, e s p e c i a l l y  as 
shown i n  f i g u r e  I l ( b )  w i th  Q / h  = 17. It can be seen t h a t  t h e  measured and pre- 
d i c t e d  o v e r a l l  sound p r e s s u r e  l e v e l s  agree w e l l  a l s o .  

F igu re  12 compares some o f  t h e  d a t a  o f  t h i s  s tudy  wi th  p r e d i c t e d  d a t a  calcu- 
l a t e d  w i t h  F i l l e r ' s  scheme, z e r o  forward v e l o c i t y  be ing  assumed. Again, expe r i -  
mental  d a t a  are p resen ted  f o r  t h e  a s p e c t - r a t i o - I 0  n o z z l e  w i t h  R/h = 8.51 .  and 
Q/h  = 17 i n  f i g u r e s  12 (a )  and 1 2 ( b ) ,  r e s p e c t i v e l y .  These f i g u r e s  show t h a t  t h e  
measured and p r e d i c t e d  d a t a  do n o t  compare w e l l .  The l a c k  o f  agreement may be 
due t o  t h e  fac t  t h a t  the e m p i r i c a l  c o n s t a n t s  used i n  F i l l e r ' s  p r e d i c t i o n  were 
ob ta ined  from expe r imen ta l  d a t a  taken w i t h  a D-shaped nozz le .  

The p reced ing  comparisons made between expe r imen ta l  n o i s e  s p e c t r a  and ca l cu -  
l a t e d  resu l t s  based on t h e  e x i s t i n g  p r e d i c t i o n  schemes c l e a r l y  i n d i c a t e  t h a t  t h e  
e x t e n t  o f  agreement may va ry  from scheme t o  scheme. The accuracy o f  each 
scheme, even when it is v a l i d ,  may r e q u i r e  improvement, however. The p r e s e n t  
comparisons a l s o  r e v e a l  t h e  need f o r  f u r t h e r  r e f inemen t s  i n  t he  e x i s t i n g  n o i s e  
p r e d i c t i o n  methods f o r  upper-surface-blowing c o n f i g u r a t i o n s .  

Effects o f  Acoust ic  S h i e l d i n g  

The p o s s i b i l i t y  o f  e x p l o i t i n g  t h e  s h i e l d i n g  effect  a s s o c i a t e d  w i t h  engine- 
over-the-wing c o n f i g u r a t i o n s  t o  reduce t h e  l e v e l  o f  f l y o v e r  n o i s e  h a s  gained con- 
s i d e r a b l e  i n t e r e s t .  The amount o f  r e d u c t i o n  o f  sound i n t e n s i t y  pe rce ived  by a 
r e c e i v e r  when a s h i e l d  is  p laced  between him and t h e  sou rce  depends on s e v e r a l  
f a c t o r s ;  namely, t h e  s p a t i a l  and s p e c t r a l  d i s t r i b u t i o n  of t h e  s o u r c e ,  t h e  r a t i o  
of the sound wavelength t o  the ,d imens ion  of the s h i e l d ,  and r e l a t i v e  p o s i t i o n s  
o f  t h e  sou rce  and r e c e i v e r  t o  t h e  s h i e l d .  For t h e  s imple case of a small sou rce  
emitting s h o r t  wavelength sound compared wi th  t h e  s h i e l d  dimension, s u b s t a n t i a l  
r e d u c t i o n  o f  sound may be achieved when t h e  d i r e c t  p a t h  is i n t e r r u p t e d  by t h e  
s h i e l d .  

I n  t h e  case of upper-surface-blowing n o i s e ,  one can a rgue  t h a t  t h e  s p a t i a l  
( 1 )  t h e  p r i -  d i s t r i b u t i o n  of noise  s o u r c e s  may be d i v i d e d  i n t o  two c a t e g o r i e s :  

m a r i l y  h igh  frequency n o i s e  sou rce  ( w i t h  wavelength comparable t o  or smaller 
than t h e  p l a t e  dimension) l o c a t e d  i n  t h e  upper free s h e a r  l a y e r ;  and ( 2 )  t h e  
r e l a t i v e l y  low f requency n o i s e  sou rce  e m i t t i n g  sound i n  t h e  near-wake flow down- 
stream of  t h e  f l a p  t r a i l i n g  edge. For  a g i v e n  v e l o c i t y  a t  t h e  nozz le  e x i t ,  t h e  
spectrum and s t r e n g t h  f o r  sou rce  ( 1 )  is n e a r l y  independent o f  t h e  f l a p  l e n g t h ;  
For sou rce  (21, however, t h e  s t r e n g t h  v a r i e s  w i th  t h e  l o c a l  v e l o c i t y  i n  t h e  nea r  
wake, which i n  t u r n  v a r i e s  i n v e r s e l y  w i t h  t h e  flow-run l e n g t h  o f  t h e  p l a t e .  The 
t y p i c a l  f requency o f  sound r a d i a t e d  from source  (2 )  a l s o  v a r i e s  i n v e r s e l y  w i t h  
t h e  flow-run l e n g t h .  T h i s  unde r s t and ing  was essent ia l  i n  t h e  s e l e c t i o n  of t h e  
method used t o  e v a l u a t e  a c o u s t i c  s h i e l d i n g  d i s c u s s e d  i n  t h i s  paper .  
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Grosche (see ref. 5 )  conducted an e x t e n s i v e  exper imenta l  i n v e s t i g a t i o n  t o  
e v a l u a t e  t h e  a c o u s t i c  s h i e l d i n g  accomplished wi th  a h igh -aspec t - r a t io  t u r b u l e n t  
je t  i n  the proximi ty  o f  a f l a t  p l a t e .  More r e c e n t l y ,  Von Glahn, Groesbeck, and 
Reshotko (see ref .  17) carried o u t  an experiment similar t o  t h a t  p e s f 0 r m e d . h  
r e fe rence  5. I n  both  exper iments ,  t h e  d i s t a n c e  between t h e  j e t  c e n t e r  l i n e  and 
t h e  f la t  p l a t e  was v a r i e d .  I n  h i s  e v a l u a t i o n  o f  t h e  s h i e l d i n g  effect ,  Grosche 
compared t h e  n o i s e  d i r e c t i v i t i e s  i n  t h e  upper h a l f  space  o f  t h e  p l a t e  w i t h  t h c s e  
of t h e  lower h a l f  space o f  t h e  p l a t e .  However, Von Glahn, Groesbeck, and 
Reshotko obta ined  n o i s e  measurements d i r e c t l y  below t h e  f l a p  s u r f a c e  and com- 
pared these data w i t h  cor responding  d a t a  obta ined  wi th  t h e  nozz le  a l o n e .  The 
p r i n c i p a l  conclus ions  de r ived  from both sets o f  experiments  are similar. 
Namely, (1 )  f o r  a f ixed  s e p a r a t i o n  d i s t a n c e  between t h e  nozz le  and p l a t e ,  t h e  
b e n e f i t s  of s h i e l d i n g  increase when e i t h e r  t h e  p l a t e  l e n g t h  or t h e  j e t  v e l o c i t y  
is inc reased ;  and (2 )  f o r  c o n s t a n t  p l a t e  l e n g t h  and j e t  v e l o c i t y ,  s h i e l d i n g  
i n c r e a s e s  as t h e  j e t  is  moved away from t h e  p l a t e  u n t i l  maximum s h i e l d i n g  is 
a t t a i n e d .  On t h e  o t h e r  hand, t h e  o v e r a l l  s h i e l d i n g  observed when t h e  j e t  is 
e i t h e r  c l o s e  t o  or  attached t o  t h e  p l a t e  is much less s i g n i f i c a n t .  

From aerodynamic c o n s i d e r a t i o n s ,  d i sp lacement  of  t h e  j e t  f low above t h e  
plate  would t r a n s l a t e  t o  a r educ t ion  i n  powered- l i f t  performance (no a t t a c h e d  
f low) .  Thus, i n  cons ide r ing  t h e  a c o u s t i c  s h i e l d i n g  effect  of  an upper-surface-  
blowing system, t h e  i n v e s t i g a t o r  should res t r ic t  himself  t o  t h e  case where t h e  
je t  flow is v e r y  c l o s e  and a t t a c h e d  t o  t he  s h i e l d  s u r f a c e .  Evalua t ion  of  acous- 
t i c  s h i e l d i n g  performed by comparing n o i s e  radiated d i r e c t l y  below a nozz le  wi th  
and wi thout  a s h i e l d  may no t  be r ea l i s t i c  s i n c e  the  nozzle-alone c o n f i g u r a t i o n  
is no t  a p p l i c a b l e  t o  a powered- l i f t  a i rcraf t .  Furthermore,  t h e  n o i s e  mechanisms 
a s s o c i a t e d  wi th  an upper-surface-blowing system d i f f e r  from those  i n  a free t u r -  
bu len t  j e t .  

I n  ana lyz ing  t h e  data g iven  i n  t h i s  s e c t i o n ,  c o n s i d e r a t i o n s  were g iven  t o  
t h e  u l t i m a t e  choice  of  b a s e l i n e  data f o r  e v a l u a t i n g  the  a c o u s t i c  s h i e l d i n g  
achieved wi th  t h e  nozz le -p la t e  arrangement .  Because of  t h e  a d d i t i o n a l  ( i n  f ac t ,  
dominant) low frequency n o i s e  source  in t roduced  when a p l a t e  is  brought i n t o  con- 
t ac t  with t h e  jet  f low and because t h e  source  i s  dependent on flow-run l e n g t h ,  
only t h e  high frequency n o i s e  component radiated from the  upper f r e e  shear l a y e r  
s u f f e r s  t h e  p l a t e  s h i e l d i n g .  The low frequency n o i s e  component radiated from 
t h e  downstream t r a i l i n g - e d g e  wake is  affected by t h e  plate  d i f f r a c t i o n  only .  
S ince  t h i s  downstream source  is  l o c a t e d  nea r  t h e  f l a p  and is symmetrical. t o  i t ,  
t h e  d i f f r a c t i o n  e f f e c t  would be expected t o  be  t h e  same both above and below t h e  
f l a p .  T h e o r e t i c a l  a n a l y s e s  based on s i m p l i f i e d  p h y s i c a l  models have been 
r epor t ed  i n  r e f e r e n c e s  3 ,  4, and 21 which g i v e  d i r e c t  suppor t  o f  t h i s  view. 

Based on the reasoning  above,  t h e  d e c i s i o n  w a s  made t o  e v a l u a t e  t h e  s h i e l d -  
i n g  effects i n  terms o f  A d B  obta ined  by s u b t r a c t i n g  the  n o i s e  measured 
d i r e c t l y  below the  model from cor responding  measurements made above t h e  model. 
By so doing ,  t h e  n o i s e  c o n t r i b u t i o n  from t h e  t r a i l i n g - e d g e  wake and i t s  d i f f r a c -  
t i o n  effect should n e a r l y  c a n c e l ;  thereby  a n e t  d i f f e r e n c e  which r e f l e c t s  t h e  
s h i e l d i n g  of  t h e  free shea r - l aye r  n o i s e  by t h e  p l a t e  i s  l e f t .  T h i s  method 
appears  t o  be adequate  f o r  a f l a t  p la te .  

When t h e  f l a t  p l a t e  is rep laced  by a t u r n i n g  f l a p ,  however, t h e  d i r e c t i v i t y  
has  been found t o  t u r n  by roughly t h e  same amount. (See ref. 1.) Consequently,  
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t h e  argument g iven  would no longer  hold u n l e s s  an added c o r r e c t i o n  is  made t o  
account  f o r  f l a p  t u r n i n g .  The r equ i r ed  c o r r e c t i o n  may be estimated from the the-  
o r e t i c a l  d i r e c t i v i t y  o f  t he  t r a i l i n g - e d g e  n o i s e  as p r e d i c t e d  i n  r e f e r e n c e s  3 and 
4 when t h e  amount of  t u r n i n g  i n  d i r e c t i v i t y  is assumed t o  be t h e  same as the 
f l a p  ang le .  The t h e o r e t i c a l  d i r e c t i v i t y  a p p l i c a b l e  i n  t h e  p r e s e n t  s i t u a t i o n  f o r  
nonzero f l a p  ang le  is g iven  by 

Therefore ,  the  c o r r e c t i o n  f a c t o r  needed t o  account  f o r  f l a p  t u r n i n g  a n g l e  is  

Appl ica t ion  of  t h i s  c o r r e c t i o n  t o  t h e  p r e s e n t  data a l s o  provides  an  i n d i r e c t  
check on t h e  v a l i d i t y  of  t he  t h e o r e t i c a l  d i r e c t i v i t y  used.  

Comparison of  Overa l l  Sound P res su re  Levels  

F igure  13 i l l u s t r a t e s  t h e  AOASPL v a r i a t i o n  w i t h  nondimensional flow-run 
l eng th  R/h  
and V .  = 253 m/sec) and f l a p - d e f l e c t i o n  a n g l e s  (6 = Oo and 6 = 30°).  I n  t he  
case  03 6 O o ,  f i g u r e  1 3 ( a )  shows t h e  d i f f e r e n c e  i n  AOASPL 
small, on the  o r d e r  of  2 dB. The t r e n d  is somewhat expec ted ;  t h a t  is ,  AOASPL 
i n c r e a s e s  a t  t h e . h i g h e r  va lues  of R/h.  I n  f i g u r e  1 3 ( b ) ,  w i t h  6 = 30°, the  
data shown have no t  been c o r r e c t e d  f o r  d i r e c t i v i t y  r o t a t i o n .  I f  c o r r e c t e d  by 
us ing  t h e  expres s ion  g i v e n ,  t he  AOASPL v a l u e s  expected f o r  6 = 30° i n  
f i g u r e  l3( 'b)  would be 4 t o  5 dB h ighe r  than  those  p l o t t e d  f o r  6 = 0' i n  
f i g u r e  1 3 ( a ) .  

f o r  t he  a spec t - r a t io -10  nozz le  a t  two v e l o c i t i e s  (Vj = 174 m/sec 

t o  be rather 

A reasonable  conf i rmat ion  of  t he  t r e n d  d i sp layed  i n  f i g u r e s  1 3 ( a )  and 13(b)  
was accomplished by examining data r e p o r t e d  by Grosche i n  r e f e r e n c e  5 f o r  t h e  
case where t h e  j e t  c e n t e r  l i n e  is 0.55h above a p la te  w i t h  Oo d e f l e c t i o n  
ang le .  Grosche 's  data show t h a t  t h e  OASPL v a r i a t i o n  is small (about  3 dB)  even 
f o r  R/h as h igh  as 100. (See f i g .  14 . )  However, a d d i t i o n a l  data presented  i n  
r e fe rence  5 i n d i c a t e  t h a t  t h e  AOASPL 
moved t o  greater d i s t a n c e s  above t h e  p l a t e  where the  i n t e r a c t i o n  between t h e  
flow and f l a p  t r a i l i n g  edge d iminishes .  

i n c r e a s e s  n o t i c e a b l y  when the  nozz le  is  

These o b s e r v a t i o n s  i n d i c a t e  t h a t  ( 1 )  the  s h i e l d i n g  o f  t h e  upper free shear- 
l a y e r  n o i s e  component has a small c o n t r i b u t i o n  t o  t h e  o v e r a l l  n o i s e  perce ived  
d i r e c t l y  below t h e  p l a t e ,  and ( 2 )  the  expected t h e o r e t i c a l  t r a i l i n g - e d g e  n o i s e  
d i r e c t i v i t y  r o t a t i o n  does n o t  occur .  
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Comparison o f  Sound P r e s s u r e  S p e c t r a  

I n  o rde r  t o  g a i n  thorough i n s i g h t  i n t o  t h e  effect  a f  a c o u s t i c  s h i e l d i n g  by 
blowing over  t h e  upper s u r f a c e  of  a wing f l a p ,  t h e  d i f f e r e n c e  i n  sound r a d i a t e d  
above and below t h e  p l a t e  i n  terms o f  f requency should be examined. 

The method used t o  s o r t  o u t  t h e  g e n e r a l  t r e n d s  i n d i c a t e d  by t h e  p r e s e n t  
data invo lves  comparisons made by p l o t t i n g  t h e  d i f f e r e n c e  i n  SPL d i r e c t l y  above 
and below t h e  p l a t e  a g a i n s t  t h e  nondimensional f requency parameter  S, where 
S = f t / V  . The fo l lowing  r easons  inf luenced  t h e  choice  of t h e s e  parameters t o  
d e f i n e  $: ( 1  ) i n  an ear l ier  s e c t i o n  of  t h i s  paper  it was demonstrated t h a t  S 
appears  t o  be  a p p r o p r i a t e  t o  c o l l a p s e  t h e  spectral  d a t a ;  ( 2 )  t h e  s h i e l d i n g  and 
dominant r a d i a t i o n  wavelength depend on R ;  and ( 3 )  t h e  j e t  v e l o c i t y  is r e l a t e d  
t o  t h e  s t r e n g t h  of  both s o u r c e s  p r e s e n t .  

This  method of  comparison should y i e l d  a mean t r e n d  which would make a 
q u a n t i t a t i v e  d e s c r i p t i o n  of  t h e  f l a p - s h i e l d i n g  e f f e c t  p o s s i b l e .  
eva lua t ion  scheme f o r  wing-flap s h i e l d i n g  i n  an  upper-surface-blowing conf igura-  
t i o n  has  no t  been a t tempted  i n  any p rev ious  s t u d i e s .  

A q u a n t i t a t i v e  

F igu res  1 5 ( a )  and 15 (b )  show t h e  v a r i a t i o n  of  ASPL wi th  S f o r  t h e  
a s p e c t  r a t i o  10 and 50 n o z z l e s ,  r e s p e c t i v e l y .  Data are p l o t t e d  f o r  a range of  
va lues  of R /h ,  8 ,  and Vj. Not iceable  s c a t t e r i n g  o f  t h e  data is  s e e n ,  bu t  
t h i s  is not  unexpected s i n c e  a s i n g l e  parameter S is  used t o  represent a very 
complex phenomenon. Never the l e s s ,  t h e  fo l lowing  t r e n d s  seem t o  emerge: 
( 1 )  from S = 0.5 t o  S = 5 t h e  ASPL v a r i a t i o n  is r a t h e r  f l a t ;  ( 2 )  f o r  
S > I O ,  ASPL i n c r e a s e s  r a p i d l y  wi th  S; and ( 3 )  f o r  S < 0.5,  ASPL 
i n c r e a s e s  as S is decreased .  These t r e n d s  appear  t o  be  independent of  f l a p -  
d e f l e c t i o n  ang le .  The l a r g e  ASPL va lues  a t  h ighe r  v a l u e s  of  S should be 
a t t r i b u t e d  t o  the  s h i e l d i n g  of  h igh  frequency n o i s e  emi t ted  i n  t h e  upper free 
shea r  l a y e r  near  t h e  nozz le  e x i t  and above t h e  p l a t e .  The l ack  of a p p r e c i a b l e  
v a r i a t i o n  i n  ASPL over  t h e  i n t e r m e d i a t e  f requency components (0.5 < S < 5 )  
seems t o  suppor t  t h e  argument t h a t  no i se  produced nea r  t h e  f l a p  t r a i l i n g  edge 
is n e a r l y  symmetrical  and uniform. The i n c r e a s e  of ASPL as S is  decreased 
below 0.5 is no t  c l e a r l y  understood a t  p r e s e n t .  

Noise data obta ined  wi th  upper-surface-blowing models by o t h e r  i n v e s t i g a -  
t o r s  have been examined i n  a way similar t o  t h e  method j u s t  d i scussed .  Fig-  
u re  16 was prepared by r e p l o t t i n g  v a r i o u s  s p e c t r a l  data r epor t ed  i n  r e f e r e n c e s  5 
and 18 t o  20. The mean curve obta ined  from t h e  p r e s e n t  data p l o t t e d  i n  f ig -  
u r e  15 (a )  is inc luded  i n  f igure 16 f o r  comparison. An i n s p e c t i o n  of  f i g u r e  16 
shows t h a t  data r epor t ed  i n  r e f e r e n c e  5 and 18 ag ree  reasonably  well w i th  t h e  
mean curve obta ined  from t h e  p r e s e n t  data.  The s c a t t e r i n g  of  model d a t a  about  
t h e  mean cu rve ,  ob ta ined  wi th  p r e s e n t  d a t a ,  a t  h ighe r  v a l u e s  of  S is caused 
p r i m a r i l y  by d a t a  r epor t ed  i n  r e f e r e n c e  19. The d a t a  taken  from r e f e r e n c e  20 
f o r  a l a r g e - s c a l e  STOL aircraf t  show a d i s t i n c t l y  d i f f e r e n t  t r end  than  t h a t  of  t h e  
model d a t a .  A t  t h e  h ighe r  v a l u e s  of  S, t h e  l a r g e - s c a l e  d a t a  i n d i c a t e  t h a t  t h e  
s h i e l d i n g  is n e a r l y  20 dB h ighe r  than  t h e  mean of  t h e  model d a t a .  
ancy is most l i k e l y  caused by c o n f i g u r a t i o n  d i f f e r e n c e s  i n  t h e  l a r g e  and small- 
scale models t e s t e d .  The primary d i f f e r e n c e s  are: (1 )  real tu rbofan  engines  
r a t h e r  than  j e t  nozz le s  were used i n  t h e  tests repor t ed  by Preisser and F r a t e l l o  
i n  reference 20; consequent ly ,  t h e  h igh  frequency p a r t  o f  t h e  spectrum is domi- 

This  d i sc rep -  

12 



nated by af t -end engine n o i s e  which could be more e f f e c t i v e l y  s h i e l d e d  by t h e  
wing f l a p ;  (2)  t h e  span-chord r a t i o  of t h e  large-scale f l a p  is s e v e r a l  times 
greater than  t h a t  used i n  t h e  p r e s e n t  tes ts ;  (3) t h e  f l a p  t r a i l i n g  edge o f  t h e  
large-scale model is s l a n t e d  r e l a t i v e  t o  t h e  nozz le -ex i t  p l a n e ,  but  t h e  two are 
p a r a l l e l  on t h e  smaller model; and ( 4 )  t h e  large-scale model was complete w i t h  
f u s e l a g e  whereas t h e  small-scale model c o n s i s t e d  o f  a nozz le  and p l a t e  on ly .  

SUMMARY OF RESULTS 

An i n v e s t i g a t i o n  has been conducted t o  determine t h e  effects  of a c o u s t i c  
s h i e l d i n g  wi th  an upper-surface-blowing model. Acoust ic  d a t a  were ob ta ined  f o r  
a range o f  nozz le -ex i t  v e l o c i t i e s  w i th  s l o t  n o z z l e s ' h a v i n g  i d e n t i c a l  e x i t  areas. 
Tests o f  v a r i o u s  model c o n f i g u r a t i o n s  l e d  t o  t h e  fo l lowing  r e s u l t s :  

1 .  S i m i l a r i t y  e x i s t s  f o r  n o i s e  s p e c t r a  ob ta ined  wi th  t h e  models t e s t e d .  
The a p p r o p r i a t e  f requency parameter is a S t r o u h a l  number based on. t h e  nozzle- 
e x i t  v e l o c i t y  and flow-run l e n g t h .  

2 .  Discrete tone emis s ions  were found t o  occur  w i t h  c e r t a i n  nozz le -p la t e  
c o n f i g u r a t i o n s  and o p e r a t i n g  c o n d i t i o n s .  The mechanism o f  t h i s  r a d i a t i o n  could 
be r e l a t e d  t o  a c o u s t i c  feedback between t h e  s h e a r  l a y e r  a t  the  n o z z l e  e x i t  and 
t h e  f l a p  t r a i l i n g  edge. 

3 .  Data from t h e  p r e s e n t  s t u d y  were used f o r  comparison w i t h  t h r e e  d i f f e r -  
Good agreement w a s  ob ta ined  wi th  t h e  p r e d i c t i o n  scheme e n t  p r e d i c t i o n  schemes. 

given i n  NASA CR-134883. However, agreement between the p r e s e n t  d a t a  and p red ic -  
t i o n  schemes r e p o r t e d  i n  NASA CR-2126 and A I A A  Paper  No. 76-518 was r e l a t i v e l y  
poor.  

4 .  A s imple method is proposed t o  e v a l u a t e  q u a n t i t a t i v e l y  t h e  a c o u s t i c  
s h i e l d i n g  o f  the wing-flap s u r f a c e  t o  n o i s e  r a d i a t e d  d i r e c t l y  beneath t h e  model. 
An e m p i r i c a l  curve is e s t a b l i s h e d  t o  e v a l u a t e  t he  a c o u s t i c  s h i e l d i n g  o f  n o i s e  i n  
terms o f  f requency.  The e m p i r i c a l  curve shows f a i r  agreement w i t h  expe r imen ta l  
d a t a  ob ta ined  by o t h e r  i n v e s t i g a t o r s .  However, large d i f f e r e n c e s  which are p r i -  
m a r i l y  a t t r i b u t a b l e  t o  tu rbo fan  engine af t -end n o i s e  were found when comparisons 
were made with d a t a  ob ta ined  w i t h  a large-scale s imula t ed  STOL a i r c ra f t .  

5 .  The a c o u s t i c  s h i e l d i n g  w a s  found t o  i n c r e a s e  w i t h  S t r o u h a l  number. The 
n e t  b e n e f i t  o f  s h i e l d i n g  i n  terms of o v e r a l l  n o i s e ,  however, is  small w i th  a 
real is t ic  flow-run l e n g t h .  

Langley Research Center  
N a t i o n a l  Aeronaut ics  aqd Space Admin i s t r a t ion  
Hampton, VA 23665 
December 21, 1976 
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TABLE 1.- MATRIX OF MODEL GEOMETRIES AND JET VELOCITIES TESTED 

- - -  

Lspect r a t i o ,  
w/h 

( a )  
~~ _ _  

10 

50 

Ra t io  o f  flow-run l e n g t h  t o  nozz le  
h e i g h t ,  R/h, f o r  - 

R = 0 . 0 6 1  m 

4 . 2 9  

.~ 

9 . 6 0  

aFor a s p e c t  r a t i o  w 
a n n n n t  m a t i n  w/h n f  Wl 

R = 0 . 1 2 1  m 

8 . 5 1  

1 9 . 0 4  

R = 0 . 2 4 2  m 

17 

. .  

3 8 . 1 2  

? l ap  a n g l e ,  
6 ,  deg 

0 
30 
60 

0 
30 
60 

J e t  v e l o c i t y  
V j ,  m/sec 

174 
22 1 
2 5 3  

174  
2 5 3  

h of I O ,  w 0 . 1 4 2  m and h = 0 . 0 1 4  m; f o r  
w = 0 . 3 1 8  m and h = 0 . 0 0 6  m .  
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/ Nozzle plenum chamber 

I 
Figure 1.- Diagram of test model with parameters. 



F i g u r e  2 . -  P h o t o g r a p h  o f  m o d e l  h a r d w a r e .  
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Figure 3.- Diagrams of  t y p i c a l  model conf igu ra t ion  with dimensions. 6 = 0'. 
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( a )  Photograph of  t e s t  se tup .  
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( b )  Diagram of t es t  r i g  w i t h  dimensions.  

F igu re  4 . -  Photograph and diagram of t e s t  se tup .  
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- S i m i l a r i t y  of  one-third-octave band s p e c t r a ;  w/h IO; Y = 90'. 
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S = fQ/V 

F igure  6 . -  S i m i l a r i t y  o f  one-third-octave band spec t ra .  w/h = 50; Y = 90'. 
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Figure 7.- Comparison of p re sen t  one-third-octave band d a t a  from f igures  5 ( a )  and 6 

with d a t a  r epor t ed  by Grosche. w/h = 23; &/h = 50; 6 = 0'; Y = 90'. 
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F igu re  8.-  Spectrum showing d i s c r e t e  tone emission.  w/h = 10;  !&/h = 8.51; 6 =  300;  

y 90'; 
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F i g u r e  9 . -  V a r i a t i o n  of  o v e r a l l  s o u n d  p r e s s u r e  l e v e l  w i t h  flow Mach n u m b e r .  
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( a )  P o t e n t i a l  co re  r eg ion ;  k /h  = 8.51;  Vm = Vj 253 m/sec. 
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(b) C h a r a c t e r i s t i c  decay r eg ion ;  k /h  = 17; Vm = 223 m/sec; V j  = 253 m/sec. 

F igure  10.- Comparison of normalized one-third-octave band d a t a  from p r e s e n t  
s tudy  wi th  Hayden's p r e d i c t i o n .  w/h = 10; 6 = O o ;  y = 90°. 
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F igure  11 . -  Comparison o f  normalized one-third-octave band d a t a  from p r e s e n t  
s t u d y  wi th  F i n k ' s  p r e d i c t i o n .  w/h IO; y 90°; Vj = 253 m/sec. 
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Figure  12.- Comparison of normalized one-third-octave band data from 
p resen t  s t u d y  wi th  F i l l e r ' s  p r e d i c t i o n .  w/h = IO; 6 = 0'; 
y = 9 0 0 ;  Vj = 253 m/sec. 
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Figure  13.- V a r i a t i o n  of  r e l a t i v e  o v e r a l l  sound p r e s s u r e  l e v e l  w i th  r a t i o  
of flow-run l e n g t h  t o  n o z z l e  h e i g h t .  w/h = 10. 
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Figure  14 . -  V a r i a t i o n  o f  r e l a t i v e  o v e r a l l  sound p r e s s u r e  l e v e l  w i t h  r a t i o  
of flow-run l e n g t h  t o  nozz le  h e i g h t  as r e p o r t e d  by Grosche. w/h = 23; 
6 = oo  ; V j  = 329 m/sec. 
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